INTRODUCTION
Friedreich's Ataxia (FRDA) is a neurodegenerative disorder that arises from a deficit of the mitochondrial iron chaperone, frataxin (1, 2, 3) . Frataxin deficiency is associated with expansion of the GAA triplet repeat in intron I of the human FRDA gene (4) . The progressive loss of coordination of limb movements, dysarthria, nystagmus, scoliosis, and diabetes characteristic of FRDA usually manifest before adolescence. The peripheral nervous system (PNS) and the heart are among the most severely affected tissues, and more than half of those afflicted eventually succumb to cardiac related complications (4, 5, 6) .
Current understanding of the molecular origins of FRDA pathogenesis and disease progression has been aided by investigations of yeast and animal models of the disorder.
Characterization of yeast mutants lacking the yeast frataxin homolog (Yfh) (7) has revealed important roles for frataxin in mitochondrial iron storage (7) (8) (9) (10) (11) (12) (13) (14) (15) , regulation of intracellular iron levels (7, 8, 10, 16) , biogenesis of iron sulfur (Fe-S) clusters (16) (17) (18) (19) (20) and heme (14, 21) , reactivation of the labile Fe-S cluster of mitochondrial aconitase (22) , and in the prevention of deleterious free radical production (12, 15, 23) . Murine models with tissue-specific frataxin deficiency recapitulate important biochemical and whole organism phenotypes that typify FRDA (24) including cardiac hypertrophy, large sensory neuron dysfunction and marked reduction of the activities of several Fe-S cluster enzymes (aconitase and complexes I-III of the respiratory chain). These model systems have given valuable insight into the biochemistry of frataxin and its role in the molecular underpinnings of FRDA.
Unfortunately, there is no cure for this debilitating disease and important questions, such as the origin of the wide variation in the manifestation of FRDA symptoms (5) and the contribution of oxidative stress to FRDA pathology, still remain. Development of a Drosophila model of FRDA has the potential to accelerate progress in identifying genetic, nutritional and environmental factors that ameliorate the phenotypic outcomes associated with frataxin deficiency. The identification of a gene encoding a Drosophila fraxatin homolog (dfh) (25) set the stage for the development of such a model. Here we describe the use of RNAi methodology to impose widespread and tissue-specific downregulation of dfh in Drosophila, and we report the molecular and phenotypic consequences of dfh deficiency in this model system.
RESULTS

DFH levels vary widely throughout development
DFH is predicted from genomic sequencing to consist of 190 amino acids including an Nterminal mitochondrial transit peptide (25). Using a polyclonal antibody directed against DFH peptides (see MATERIALS and METHODS), we determined that DFH is of low abundance overall in Drosophila, reaching its highest level in late embryos, diminishing in larvae and puparia, then increasing in pharate adults to reach modest levels in young adults (Fig. 1 ).
Because high levels of DFH are detected in early embryos, we used males to assay DFH levels in adults to avoid the possible contribution of embryo-derived DFH in females. The double band detected in embryo and adult extracts (Figs. 1, 2) may correspond to processed and unprocessed forms of DFH, in agreement with findings in mammals and yeast (26,27). The two bands correspond in size to those predicted for the larger unprocessed precursor (~21 kDa) and the smaller mature form (~15 kDa) (25). Failure to detect the smaller form in flies overexpressing dfh may arise from the reduced amount of extract loaded (1/10) to compensate for an overly heavy DFH signal. Overexpression of yfh in yeast was reported to yield a very high ratio of processed to unprocessed YFH (22) . Moreover, expression of DfhIR transgenes suppresses both forms, confirming their identity as DFH (Fig. 2) .
RNAi suppresses DFH in larvae and adults
The single-copy dfh gene contains a single intron and comprises approximately 1 kb of the gene-rich 8C/D region of the Drosophila melanogaster X chromosome (Flybase: fh). No mutations of dfh have been reported although several expansive X-chromosome deletions that encompass the dfh locus (and several other genes) are available. To investigate the biological consequences of DFH deficiency, we developed an inverted-repeat, GAL4 regulated transgene (UAS-DfhIR; see MATERIALS and METHODS for details). This approach circumvents the lack of available genomic mutants, allows us to mimic FRDA by reducing rather than completely ablating DFH, and avoids the possibility of early developmental lethality (28). To obtain widespread dfh silencing, transgenic lines carrying UAS-DfhIR transgenes were crossed to the da G32 GAL4 driver line. This driver expresses Gal4 widely throughout development and in most,
if not all, tissues under the control of regulatory sequences from the class I helix-loop-helix transcription factor, daughterless (da) (29,30). Expression of DfhIR results in the degradation of dfh transcripts ( Fig. 2A ) and DFH protein is reduced to undetectable or near undetectable levels in both adults ( Fig. 2B ) and larvae (data not shown).
Dfh silencing in Drosophila produces giant, long-lived larvae and moribund, short-lived adults Dfh suppression causes profound and differential effects in larvae and adults. Dfhsuppressed larvae exhibit retarded development and reduced viability (Fig. 3A) . By the time DfhIR larvae are just beginning to initiate pupariation, control strains have completed metamorphosis and eclosed as adults. DfhIR larvae subsequently endure an extended larval phase, during which they continue to forage and grow. This extended larval phase can last as long as 45 days, allowing some individuals become a full 2-fold larger (Fig. 3B ).
DfhIR larvae from UDIR1 and UDIR2 lines described herein are not capable of becoming viable adults at 25°C, though lines exhibiting reduced levels of DFH diminution were occasionally able to produced occasional (less than 0.5%) adult flies. The failure of DfhIR larvae to become adults at 25°C can be partially abrogated by culture at 18°C beginning at pupariation. Under this condition, 1-2 % of DfhIR pupae develop into adults. For reasons not understood, female escapers are 5 times more prevalent than males (the control strains show the expected 1:1 ratio). The survival of these escaping DfhIR adults is short but biphasic (Fig. 4) .
By day 3, survival of DfhIR females is reduced to 40-60%, while it takes 47 days for the control strain adults to reach 50% survival. Following the initial high mortality phase during which 70-90 % of the population is lost, the remaining cohort of survivors persists with relatively low mortality for up to 40 more days. Experiments performed with fewer numbers of male flies yielded nearly identical survival curves.
Mitochondrial Fe-S enzymes are impaired by Dfh silencing in both larvae and adults
Silencing of dfh in Drosophila larvae leads to reduced activities of [4Fe-4S]-containing mitochondrial aconitase and of respiratory complexes II, III, and IV by 40-60 % (Fig. 5 ).
Enzymes like aconitase with a solvent exposed iron-sulfur (Fe-S) cluster are vulnerable to reversible inactivation by superoxide (31) and show reduced activities in SOD-deficient flies (32) . We therefore verified that the reduced activities arising from DFH depletion do not result from loss of SOD1 and SOD2 activities (Fig. 6D) . Furthermore, mitochondrial aconitase activity lost by DFH depletion could not be restored by in vitro reactivation of its Fe-S center (data not shown) as is the case in SOD2 deficiency (33) . Overall, these results suggest that DFH is required for Fe-S recycling in Drosophila. We were unable to detect complex I activity in larval mitochondria. However, complex I activity was readily detected in adults, and shows a marked reduction in specific activity (37% ± 4%, P<0.001) in response to DFH depletion. Overall, the DfhIR-mediated loss of mitochondrial aconitase and respiratory complex II, III, and IV activities in larvae is mirrored in DfhIR adults (data not shown). To determine if the effects of DFH depletion are confined to iron-dependent enzyme function, we assayed the activity of the mitochondrial iron-independent enzyme, citrate synthase. As shown in Fig. 5 , the activity of this iron-independent enzyme is reduced by 10-20 %. Because the level of mitochondrial aconitase protein is unaffected by DFH depletion (Fig. 5) , suggesting that specific protein import is not compromised, these data suggest that DFH depletion exerts a general deleterious effect on mitochondria that extends beyond its specific role in Fe-S center biogenesis.
Cytosolic Fe-S proteins are differentially affected by dfh silencing in larvae and adults
To determine the effects of dfh silencing on Fe-dependent proteins in the cytoplasmic compartment, we determined cytoplasmic aconitase activity and FerHCH protein levels. 
Dfh silencing confers hypersensitivity to iron
The proposed role of DFH as an iron chaperone and storage protein would predict that in its absence, tolerance to elevated dietary iron would be reduced. As shown in Fig. 7 , DfhIR larvae exhibit striking sensitivity to elevated iron concentration and succumb as first larval instars in standard cornmeal food supplemented with 12 mM FeCl 3 . At his level of supplemental iron, 78% of control animals successfully form pupae. These data are in accord with the role of DFH as an iron chaperone and storage protein.
Differential neuronal silencing of dfh permits normal larval development but reduces adult lifespan
In humans, frataxin exhibits tissue-specific levels of expression (1) and high expression partially correlates with those tissues principally involved in the disease (5). Two principal focal tissues include the peripheral nervous system (PNS) and the heart. Accordingly, we investigated the consequences of silencing of dfh in the PNS by using the C96-Gal4 driver line (35) , to drive expression of DfhIR in the PNS. As a comparison, we also used the D42-Gal4 driver (36) to express DfhIR in motorneurons. In striking contrast to the outcome of widespread DfhIR expression conferred by the da G32 -Gal4 driver ( Fig. 3) , DfhIR expression in the motorneurons or in the PNS has no detectable effect on preadult development. However, eclosing PNS-DfhIR adults suffer a 40% reduction in adult lifespan ( Fig. 8 ), while MN-DfhIR adults are unaffected.
Supplemental expression of Sod1, Sod2 or Cat does not rescue the eclosion block conferred by DfhIR
Interference with iron homeostasis raises the risk of damaging iron-catalyzed oxidative damage. We tested the possibility that such oxidative damage contributes to the deleterious effects of DFH deficiency. We generated compound transgenic strains over-expressing Sod1, Sod2 or Cat in concert with dfh suppression and assayed the impact on the capacity of DfhIR animals to escape preadult mortality. Crosses generating flies hemizygous for the da G32 Gal4 driver and UDIR1 or UDIR2, and either UAS-Sod1, UAS-Sod2, or UAS-Cat, yielded no adult progeny, while control crosses generating flies hemizygous for the the da G32 Gal4 driver and Sod or Cat transgenes in the absence of UDIR1 or UDIR2 yielded an average of 210 ± 80 adult flies with no significant difference observed between the various control crosses (data not shown).
Flies hemizygous for both the da
G32
Gal4 driver and UAS-Sod1, UAS-Sod2, or UAS-Cat exhibited increased enzymatic activities of 203% +/-10%, 254% +/-19%, and 496% +/-50% of control flies (+/+; da G32 Gal4/+), respectively. Considering that the enzymatic reactive oxygen scavenging system does not appear to be compromised in DfhIR larvae (Fig.6 ) and that overexpression of Sod1, Sod2 or Cat is unable to improve the capacity of these animals to successfully complete eclosion, we conclude that reactive oxygen is not an important contributor to this phenotypic aspect of DFH deficiency.
DISCUSSION
Systemic suppression of dfh in Drosophila elicits the primary biochemical signature of FRDA, namely, marked impairment of the activities of iron cofactor-dependent enzymes and loss of intracellular iron homeostasis. Comparatively, the Drosophila response is similar to that seen in yfh-null yeast (16) (17) (18) 37) and in Frataxin-deficient mouse models of FRDA (24) . Our data on Drosophila, an insect invertebrate, are thus consistent with the functionally-conserved role of DFH as an iron chaperone in the synthesis and homeostatic maintenance of Fe-S clusters (14, (19) (20) (21) .
There are no known mutations of the dfh gene. We therefore developed a dfh invertedrepeat transgene to bypass the lack of traditional genetic mutants and to reduce-rather than completely eliminate-DFH. In this way we sought to (a) more accurately mimic the underpinning genetic origin of FRDA, which arises from diminution rather than complete loss of Frataxin, and (b) to avoid the potential early embryonic lethality reported in frataxin-null mice (28). We had confidence in the utility and the accuracy of inverted-repeat RNAi transgene methodology because we had earlier used this appproach to successfully suppress the expression of two other genes, Sod1 and Sod2. RNAi targeted to the Sod1 gene produced an accurate phenopy of pre-existing Sod1-null mutants (32; J. Hu, K. Kirby, and J. Phillips, and A. Hilliker, manuscript in preparation). In the second instance, RNAi-mediated suppression of Sod2 (33) generates a spectrum of phenotypes which accurately predicted the phenotype of Sod2 null mutants that were subsequently produced by Duttaroy et al. (38) .
The phenotypes arising from broadly-expressed DfhIR transgenes include larvae with reduced viability, protracted development and failure to initiate and complete metamorphosis.
We note with interest that prolonged larval development leading to high larval mortality is a feature of Drosophila mutants defective in mitochondrial DNA maintenance (39) (40) (41) . This prompts the testable hypothesis that DFH depletion leads to increased mitochondrial DNA damage. Such damage would add to the burden of mitochondrial dysfunction initiated by DFH depletion. Such mitochondrial DNA damage could partially account for the loss of mitochondrial enzyme activity observed in DfhIR mitochondria (Fig. 5 and Fig. 6 ), however the loss of mitochondrial aconitase activity (a nuclear encoded protein imported into the mitochondria)
would suggest that if this is the case it is secondary to a loss of capacity for Fe-S center biogenesis.
We previously showed that conversion of cytoplasmic aconitase to IRP1 in Drosophila can be enhanced by ablation of SOD1 which increases the availability of superoxide (32 (Fig. 6) . Drosophila FerHCH is known to generate multiple transcripts that vary in relative abundance between larvae and adults, and the balance of these transcripts in specific tissues can shift towards those lacking an IRE in response to iron availability (44) . And as shown here, larvae and adults exhibit markedly different ratios of mitochondrial to cytosolic aconitiase activity in (Fig. 6 ). This suggests to us that the differential phenotypic responses of larvae and adults to DFH depletion reflect distinctly different requirements and utilization strategies for iron. This larval/adult dichotomy exemplified by the Drosophila model of FRDA could provide a unique opportunity for investigating aspects of iron metabolism that may be relevant to FRDA. It should be noted that the half-life of DFH has yet to be determined, and as such we cannot rule out the possibility that a small amount of maternal DFH persists throughout the larval phase. Although if this is the case, we have been unable to detect this protein using our immunoblotting assay.
A small percentage of DfhIR larvae can form viable adults if incubated at 18°C as pupae.
These adults exhibit high initial mortality with the majority dying within 3-4 days (Fig. 4) .
However, following this initial phase of high mortality, the remaining cohort of survivors persists with low mortality for up to 40 more days. If this late-phase survival plateau represents a true adaptive response of adults to DFH depletion, it could have important therapeutic implications for FRDA. While we cannot at this point rule out the possibility that these lingering individuals arise from variation in the extent of RNAi-mediated knock between individual animals, it is intriguing to note that a similar phenomenon is observed in yfh-null yeast strains that exhibit variability and instability of the phenotypes associated with Frataxin deficiency (21) .
Because one of the principal foci of FRDA is the PNS (45), we expressed DfhIR in the PNS of Drosophila. This led to two important outcomes. Firstly, it allows larvae to bypass the deleterious effects conferred by ubiquitous dfh suppression. Secondly, the adults arising from these larvae exhibit a markedly reduced lifespan (Fig. 8) . Thus, the PNS of adults is sensitive to dfh suppression. Moreover, the vulnerability of the adult PNS is not apparently shared by the motorneuron component of the central nervous system becaused DfhIR expression in motorneurons has no apparent affect. The D42-Gal4 driver is known to promote robust expression of UAS-linked transgenes and has been used previously in this laboratory to rescue the lifespan of Sod1-null mutants and to extend lifespan of Sod1 + flies by ectopic expression of Sod1 in the motorneurons (36) . It is therefore unlikely that the lack of effect of DfhIR expression in motorneurons could be attributed to weak expression of the D42-GAL4 activator in that tissue.
Considering that degeneration of the PNS is a principal feature of FRDA (45) and that motorneurons appear unaffected (46), our results suggest that the vulnerability of the PNS to Frataxin depletion is conserved across a wide spectrum of animal taxa and provide further validation for the Drosophila model of FRDA.
The disruption of iron homeostasis resulting from dfh suppression might be expected to lead to the generation of deleterious reactive oxygen species (ROS) via iron-catalysed Fenton chemistry. However, transgenic augmentation of the primary reactive oxygen metabolizing enzymes SOD1, SOD2, or CAT provides no measureable improvement in viability. Because ectopic overexpression of these enzymes has been shown to effectively suppress the deleterious effects of endogenous and applied oxidative stress (47) (48) (49) , this strongly suggests that oxidative stress in larvae or pupae is not a major contributor to the eclosion block arising from DFH depletion. Further experiments will be required to determine if ectopic overexpression of these enzymes can rescue the shortened lifespan conferred by ubiquitous or PNS-targeted DFH depletion in adults. The possible contribution of thiol-based antioxidants like thioredoxin and glutathione also needs to be determined to affirm this conclusion.
There are currently no cures for FRDA. The wide variation in the symptoms and age of onset (5) suggests that factors other than the degree of triplet repeat expansion can influence disease progression. The robust phenotypes arising from DFH deficiency in Drosophila set the stage for exploiting the genetics of this model organism to identify genetic, nutritional and environmental factors that can alleviate these phenotypes and which could lead in turn to the development of novel treatment strategies for reducing the burden of FRDA.
Materials and Methods
Drosophila Stocks and Culture Methods
Drosophila stocks were maintained at 25ºC on standard cornmeal agar medium unless otherwise stated. CO 2 anesthesia was used, allowing at least 5 h of recovery at room temperature before commencement of experimentation (50) . The da G32 Gal4, the D42-Gal4 and C96-Gal4 drivers, were originally obtained from G. Boulianne (University of Toronto, Toronto). The da G32 Gal4 driver expresses GAL4 widely throughout development and in most if not all tissues under the control of regulatory sequences from the class I helix-loop-helix transcription factor, daughterless (da) (29,30). The D42-Gal4 driver expresses GAL4 broadly during embryogenesis but becomes restricted to motorneurons and interneurons within the larval nervous system, and with the exception of a few unidentified neurons within the central brain, is restricted to motorneurons in the adult nervous system (36) . The C96-Gal4 driver expresses GAL4 strongly in neurons of the adult peripherial nervous system with weak expression observed in the larval salivary gland and in the margin of the wing imaginal disc in larvae (35; unpublished data).
Construction of UAS-transgenes
For overexpression studies, D. melanogaster cDNAs for Sod1 and dfh were isolated from a 
Generation of transformants
Transgenic flies were generated by standard embryo injection protocols (52) . The UAS-Sod1, Transgenic lines were tested using the da G32 Gal4-driver. UAS-Sod1, UAS-Cat, and UAS-Dfh lines exhibiting high expression were selected for use in these studies. DfhIR transgenic lines were likewise examined for dfh silencing. UAS-DfhIR1 (UDIR1) and UAS-DfhIR2 (UDIR2) exhibited robust dfh silencing and were selected for use in these studies. To avoid potential recessive effects associated with P-vector insertions, all of the experiments reported here were conducted with flies hemizygous for UAS-transgenes and/or GAL4 drivers.
UAS-Cat, UAS-Dfh and UAS-DfhIR
Antibody design and purification
Rabbit polyclonal antibodies were raised against the peptides QIETESTLDGATYERVCSDT and CLQIGWFKAGSALNRMKELAQ corresponding to amino acids 61-80 of the predicted amino acid sequence of DFH (25) and the C-terminal 21 amino acids of Drosophila mitochondrial aconitase (FlyBase: mitochondrial aconitase), respectively. In both cases the peptides were conjugated to a keyhole limpet hemocyanin carrier protein prior to injection into rabbits. Antibodies were affinity purified by the manufacturer (Bethyl).
Transcript analysis by Northern blotting
Total RNA was extracted from 25 wandering third instar larvae by using TRIzol reagent (Invitrogen). After electrophoretic separation of denatured RNA (10 µg per lane) through 1.5%
formaldehyde agarose gels, the RNA was transferred and UV-crosslinked to a nylon membrane (Roche Diagnostics). Dfh, FerHCH, and Rp49 (control) RNA was detected by using digoxigenin-labeled DNA probes made with a digoxigenin nonradioactive DNA-labeling kit (Roche Diagnostics).
Immunoblotting
Preparation of Drosophila samples for immunoblotting was performed as described previously (33) . For this and all other procedures, protein levels were determined with the Bio-Rad protein assay. Samples were separated on 4% stacking, 15% separating SDS polyacrylamide gels. 
Assay of SOD and CAT activities
SOD activity was assayed spectrophotometrically using the 6-hydroxydopamine autooxidation method as described (36, 54, 55) or by the in-gel activity assay (32) . CAT activity was assayed spectrophotometrically as described (56) .
Preparation of crude mitochondrial extracts
Mitochondria were prepared using a procedure adapted from that described by Van den Bergh (57) . The final enriched mitochondrial pellet was resuspended in extraction buffer and sonicated for 15 sec.
Assay of aconitase activity and reactivation
Aconitase activity in crude mitochondrial extracts was assayed spectrophotometrically by determining the conversion of isocitrate to cis-aconitate at 240 nm (58) . Alternatively, mitochondrial and cytoplasmic aconitase activities in whole-animal extracts were assayed after electrophoretic separation (33) . In vitro reactivation of mitochondrial aconitase prior to electrophoretic separation was carried out as described previously (33) .
Assay of mitochondrial respiratory complex activities
The enzymatic activities of mitochondrial electron transport complexes I, III, and IV, and citrate synthase were assayed in crude mitochondrial extracts as described (59) . Complex II activity was assayed in crude mitochondrial extracts by using the dichlorophenolindophenol (DCIP) method as described (60) .
Eclosion measurements
Virgin w 1 ; X/X;da G32 /da G32 (X being either UAS-Sod1, or UAS-Sod2, or UAS-Cat) females were crossed to either w 1 ;+/+;UDIR1/UDIR1 or w;UDIR2/UDIR2;+/+ or w 1 ;+/+;+/+ males and allowed to lay eggs for 4 days in cornmeal vials; eclosing adult progeny were scored.
Pupariation
First instar larvae hatching within a three hour window were transferred into vials (30 larvae per vial) and scored for pupariation initially twice daily, and later once daily at 25 °C as described (61) .
Larval iron toxicity
First instar larvae hatching within a three hour window were transferred into vials (30 larvae per vial) containing cornmeal medium fortified with increasing concentrations of FeCl 3 and scored for pupariation initially twice daily, and later once daily at 25 °C as described (61) .
Adult lifespan determination
Survival of 200 adult males or females on standard cornmeal medium (20 flies per vial) was followed at 25°C with transfer of survivors to fresh vials every 2-3 days.
Larval photography
Wandering third instar larvae were collected, washed twice briefly in distilled water, and photographed using a Leica model MZFLIII steroscope (Northvale, NJ), Qimaging Retiga 1300R digital camera system (Burnaby, BC), and Improvision Openlab 4.0.2 software.
Digitometry of Western Immunoblots and Aconitase Strip Assays
Digitometry was carried out using NIH Imaging V1.63 Software.
Statistical analysis
Results are expressed as mean ± SD. The Student's unpaired t test was used to determine the significance of differences between means. P < 0.05 is considered significant. 
